Extracellular signal-regulated kinase (ERK) signaling regulates hormone action in the reproductive axis, but specific mechanisms have yet to be completely elucidated. In the current study, ERK1 null and ERK2 floxed mice were combined with a gonadotropin-releasing hormone receptor (GnRHR)-internal ribosomal entry site-Cre (GRIC) driver. Female ERK double-knockout (ERKdko) animals were hypogonadotropic, resulting in anovulation and complete infertility. Transcript levels of four gonadotrope-specific genes (GnRHR and the three gonadotropin subunits) were reduced in pituitaries at estrus in ERKdko females, and the postcastration response to endogenous GnRH hyperstimulation was blunted. As females aged, they exhibited abnormal ovarian histology, as well as increased body weight. ERKdko males were initially less affected, showing moderate subfertility, up to 6 months of age. Male ERKdko mice also displayed a blunted response to endogenous GnRH following castration. By 12 months of age, ERKdko males had reduced testicular weights and sperm production. By 18 months of age, the ERKdko males displayed reduced testis and seminal vesicle weights, marked seminiferous tubule degeneration, and a 77% reduction in sperm production relative to controls. As the GRIC is also active in the male germ line, we examined the specific role of ERK loss in the testes using the stimulated by retinoic acid 8 (Stra8)-Cre driver. Whereas ERK loss in GRIC and Stra8 males resulted in comparable losses in sperm production, seminiferous tubule histological degeneration was only observed in the GRIC-ERKdko animals. Our data suggest that loss of ERK signaling and hypogonadotropism within the reproductive axis impacts fertility and gonadal aging. (Endocrinology 159: 1264(Endocrinology 159: -1276(Endocrinology 159: , 2018 T he hypothalamic-pituitary-gonadal (HPG) axis regulates reproduction through multiple interconnected endocrine-feedback loops (1, 2). Neurons within the hypothalamus secrete gonadotropin-releasing hormone (GnRH) into the hypophyseal portal vasculature to act on gonadotrope cells in the anterior pituitary (3, 4). Gonadotrope cells are characterized by expression of the GnRH receptor (GnRHR), and comprise ;7% to 10% of the anterior pituitary cell population (5). In response to GnRH stimulation, the gonadotrope produces and Abbreviations: CGA, common glycoprotein hormone a subunit; CL, corpora lutea; e, embryonic day; ELISA, enzyme-linked immunosorbent assay; ERK, extracellular signalregulated kinase; ERK1 2/2 , extracellular signal-regulated kinase 1 null; ERK2 fl/fl , extracellular signal-regulated kinase 2 floxed; ERKdko, extracellular signal-regulated kinase double-knockout; FSH, follicle-stimulating hormone; GnRHR, gonadotropin-releasing hormone receptor; GRIC, gonadotropin-releasing hormone receptor-internal ribosomal entry site-Cre; HPG, hypothalamic-pituitary-gonadal; KO, knockout; LH, luteinizing hormone; mRNA, messenger RNA; PBS, phosphate-buffered saline; PBST, phosphate-buffered saline containing 0.2% Triton X-100; PCR, polymerase chain reaction; qPCR, quantitative polymerase chain reaction; Rosa, reverse orientation splice acceptor; SEM, standard error of the mean; Stra8, stimulated by retinoic acid 8; TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling.
T he hypothalamic-pituitary-gonadal (HPG) axis regulates reproduction through multiple interconnected endocrine-feedback loops (1, 2) . Neurons within the hypothalamus secrete gonadotropin-releasing hormone (GnRH) into the hypophyseal portal vasculature to act on gonadotrope cells in the anterior pituitary (3, 4) . Gonadotrope cells are characterized by expression of the GnRH receptor (GnRHR), and comprise ;7% to 10% of the anterior pituitary cell population (5) . In response to GnRH stimulation, the gonadotrope produces and secretes two peptide hormones: luteinizing hormone (LH) and follicle-stimulating hormone (FSH) (6, 7) . These glycoprotein hormones are comprised of two gonadotropin-specific subunits, LHb and FSHb, which combine with a common glycoprotein hormone a subunit (CGA) to create bioactive gonadotropins (8) . In turn, these hormones are secreted into the systemic circulation and act upon the gonads to control steroidogenesis and gametogenesis (9) (10) (11) (12) .
The isolation of specific signaling pathways using gene-excision techniques within the HPG axis of the mouse clarifies the role and requirement for specific cellsignaling events on fertility. To this end, we focused on the role of extracellular signal-regulated kinase (ERK) 1 and 2 in pituitary gonadotropes. Whereas whole-body knockout (KO) of ERK2 results in embryonic lethality, ERK1 null (ERK1
2/2
) animals are viable and fertile (13) (14) (15) (16) . Therefore, the understanding of the role of ERK2 in reproductive tissues requires a cell-specific KO. Within the GnRH signaling network, ERKs control immediate-early gene expression and activation via reversible phosphorylation. Activation of factors, such as early growth response factor 1, c-Fos, activating transcription factor 3, and NR4A1, is crucial for appropriate response(s) to GnRH stimulation of gonadotropin subunit genes (among others) and is all ERK signaling dependent (17, 18) . Thus, ERK1/2 signaling is an integral regulator of gonadotrope function and of other cells/ tissues in the HPG axis (19) (20) (21) (22) (23) .
Multiple laboratories, including our own, have used gonadotrope-specific gene deletion models to understand the role of genes or signaling intermediates in the neuroendocrine axis (24) (25) (26) . Previously, we used a CGA promoter-Cre driver mouse strain to understand the role of ERK1/2 in pituitary gonadotrope behavior (25) . Although useful, CGA-Cre is not specific to gonadotropes, as this Cre driver is expressed in the pituitary thyrotrope lineage, which also expresses CGA endogenously. The central caveat in our early studies was that of the ERKdeficient animals generated using CGA-Cre, only ;50% survived to weaning. Of those animals surviving to adulthood, thyroid-stimulating hormone b expression levels were normal, suggesting a euthyroid state in this cohort. However, ;50% of the CGA-Cre ERK-deficient animals failed to survive the neonatal period for unknown reasons, raising the possibility of the potential impact of loss of ERK signaling in the thyrotrope lineage as a potentially confounding component of the animals that did not survive. A novel gonadotrope-specific Cre driver, the GnRHR-internal ribosomal entry site-Cre (GRIC) mouse, has more recently been used to study ablation of genes, specifically in gonadotropes (5, 24, 27-32). In this model, Cre recombinase was "knocked in" downstream of the GnRHR coding region, along with an internal ribosomal entry site. These mice express a bicistronic mRNA from which the GnRHR and the Cre recombinase proteins are independently translated (5) . GRIC-Cre recombinase activity has been detected in this model as early as embryonic day (e)12.75 in the pituitary and increases thereafter during development (27) , markedly later than expression of CGA (e9.5 with robust expression at e12.5) (33) . This difference in the timing of GnRHR and CGA (and hence, Cre) expression could potentially result in differences in the effects of ERK deletion between the two Cre models and warrants further investigation (25, 27) .
Although the role of ERK signaling in reproduction has been well characterized in young adult animals, the effects of ERK loss, specifically in the gonadotrope of aging animals, have been largely ignored. Both males and females experience changes in the HPG axis as they age. Changes in gonadal function and in secretion of gonadotropins and steroid hormones have been documented in aging animals and humans. In rodent models, altered estrous cyclicity in aging female animals is associated with decreased LH and increased FSH secretion (34, 35) , coincident with altered steroidogenesis and decreased serum progesterone (36) . Interestingly, these effects can be mitigated by repeated pregnancy or progesterone substitution (37) . Males also display similar alterations in gonadotropin levels with decreased quality and quantity of LH and increased FSH secretion, inversely correlating with sperm count (37) (38) (39) .
Here, we investigated the effects of ERK1/2 loss in female and male mice as they age. We show that loss of ERK signaling impacts gonadotropin production and the timing of gonadal degeneration in males and females. In males, impaired spermatogenesis likely derives both from loss of gonadotropin stimulation and from GRIC-mediated ERK deletion in the germ line. Collectively, our studies provide insights into the effect(s) of hypogonadotropism on gonadal competence as mice age.
Materials and Methods

Animals
Animals were handled in compliance with protocols approved by the Cornell University Institutional Animal Care and Use Committee. ERK1 2/2 , ERK2 floxed (ERK2 fl/fl ), and GRIC mice have been described previously (5, 24, 25) . ERK1/2 KO animals were designated ERK double KO (ERKdko; ERK1 2/2 , ERK2 fl/fl , Cre +/2 ) and compared with control animals (ERK1 2/2 , ERK2 fl/fl , Cre 2/2 ) lacking the Cre allele. For breeding challenges, males of both genotypes were paired with one control and one ERKdko female. Females were checked daily for copulatory plugs and monitored for changes in body weight and signs of pregnancy and parturition. The reverse orientation splice acceptor (Rosa) 26 reporter and the stimulated by retinoic acid 8 (Stra8)-Cre driver mouse strains were obtained from The Jackson Laboratory (Bar Harbor, ME).
Genotyping
Genomic DNA was isolated from tail snips (3 mm) using an E-Z Tissue DNA Kit (Omega Biotek, Norcross, GA), per the manufacturer's instructions. Routine polymerase chain reaction (PCR) genotyping was performed on animals, as previously described (40) . PCR-based confirmation of ERK1 2/2 and ERK2 fl/fl , Rosa26 reporter, Stra8-Cre, and GRIC alleles was performed with primers in Table 1 .
Histology and immunofluorescence staining
Tissues were fixed in 10% neutral-buffered formalin, paraffin-embedded, serially sectioned at 4 mm, and stained with hematoxylin and eosin using standard histological techniques. Sections were scanned and digitized using an Aperio Scanscope (Vista, CA) and analyzed using ImageScope (Leica Biosystems, Buffalo Grove, IL). For characterization of the ovarian luteal populations, every third section throughout the entire ovary was examined microscopically for identification of luteal tissue in both ERKdko and control females. For characterization of the testicular tissues, every third section was examined microscopically for histological evaluation. The largest sections were chosen, four slides total, and 20 seminiferous tubules were selected for analysis of tubule diameter from each section in both ERKdko and control males.
Fixed pituitary sections were stained with antibodies directed against LHb (A. F. Parlow, National Hormone and Peptide Program, Torrance, CA) and ERK2 (Santa Cruz Biotechnology, Dallas, TX). Sections were deparaffinized in xylene and then rehydrated through graded ethanol washes. Antigen retrieval was carried out by boiling in a citrate buffer (10 mM sodium citrate, 0.005% Tween 20, pH 6.0), and sections were permeablized in phosphate-buffered saline (PBS) containing 0.2% Triton X-100 (PBST). Sections were blocked for 4 hours in blocking solution containing 22.5 mg/ml glycine, 10% normal goat serum, and 3% bovine serum albumin in PBST. Antibody directed against ERK2 (1:100) was applied first, overnight at room temperature; sections were washed in PBST and then exposed to secondary antibody (1:100) for 1 hour at room temperature. ERK2-stained sections were then washed in PBST and reblocked in blocking solution for 8 hours. LHb antibody was then applied at a titer of 1:50 overnight at room temperature and washed and secondary antibody applied at 1:500 for 1 hour at room temperature. Sections were washed in PBST and coverslips applied. Image acquisition was performed using a Zeiss Imager Z1 microscope under 20, 40, or 603 magnifying objectives. Images were processed using ZEN 2 software (Carl Zeiss, Oberkochen, Germany).
Vaginal cytology
The vaginal vault was gently swabbed to make a cytological smear. The smear was stained with Wright's Giemsa stain and examined with light microscopy. One hundred cells were counted daily for each animal with epithelial cells and leukocytes distinguished by morphology. An animal was deemed to be in estrus with .85% superficial epithelial cells. Animals in diestrus were identified by the predominant presence of leukocytes in the cytological smear.
Epididymal sperm count
After euthanasia, testes and epididymides from males of both genotypes were dissected free. Individual epididymi were placed in 1 ml of a solution containing 4% bovine serum albumin in PBS and tubules extracted. The preparation was incubated (32°F) for 20 minutes. Formalin (10%; 480 mL) was mixed with 20 mL of the sperm preparation and placed on a hemocytometer, and sperm were counted to determine sperm numbers.
Gonadectomy
Ovariectomies and castrations were performed at 5 to 6 months of age under Avertin (tribromoethanol; SigmaAldrich, St. Louis, MO) general anesthesia, with standard aseptic techniques. The castrations were performed with ventral midline incisions, and the ovariectomies were performed with flank incisions. Animals were given ketoprofen postoperatively for pain control. The animals were euthanized 5 days postoperatively, and blood and pituitaries were collected.
Serum hormone analyses
The blood was allowed to clot for 15 minutes and then centrifuged for 10 minutes at 2500 rpm. The serum was collected and frozen at 280°F. Pituitaries were snap frozen. Serum was analyzed at the University of Virginia Ligand Core through enzyme-linked immunosorbent assay (ELISA) multiplex, in duplicate or using in-house FSH and LH assays, as previously 
RNA isolation and quantitative PCR
Tissues were collected, and Trizol (Thermo Fisher, Waltham, MA) extraction was performed per the manufacturer's instructions to isolate total RNA. Reverse transcription in 1000 mg reactions was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), according to the manufacturer's directions. Quantitative PCR (qPCR) was performed using SYBR Green (Thermo Fisher) and primers listed in Table 2 . Amplifications were carried out using a CFX96 Touch Real-Time optical character recognition detection system (Bio-Rad Laboratories, Berkeley, CA). RNA levels were standardized using the internal control glyceraldehyde 3-phosphate dehydrogenase and an internal RNA pool and assessed using DD comparative threshold methodology, where the serum pool was set to a value of 1.0 for other comparisons (25) .
TUNEL staining
Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling (TUNEL) was carried out as previously described (41) .
b-Galactosidase in vitro assay
For b-galactosidase in vitro assays, tissues were fixed in 4% paraformaldehyde/PBS for 1 hour at 4°C and then rinsed three times for 30 minutes each in a rinse buffer [100 mM sodium phosphate (pH 7.3), 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% volume-to-volume ratio (%) Nonidet P-40]. Tissues were stained overnight in staining buffer (rinse buffer with 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml 5-bromo-4-chloro-3-indolyl-D-galactoside), then fixed overnight in 10% formalin, and finally, washed with distilled water twice for 30 minutes. Tissues were dehydrated by sequential ethanol washes (70%, 95%, twice in 100%) and then washed in methyl salicylate until the tissue cleared.
Statistics
Pairwise comparisons were made by Student's t test. When appropriate, a two-way analysis of variance was used, with Tukey's multiple comparisons test. All data are expressed as means 6 standard error of the mean (SEM). P , 0.05 was considered statistically significant.
Results
ERKdko females are infertile, hypogonadotropic, and anovulatory
Validation of the GRIC ERKdko model was carried out using immunofluorescence studies, examining the overlapping expression of LHb (to mark gonadotropes) and ERK2 in pituitary sections obtained from randomly cycling adult female mice (Fig. 1A) . In control animals, all LHb-expressing cells displayed overlapping expression of ERK2. In contrast, LHb-expressing cells in the ERKdko females did not have an overlapping expression pattern with ERK2, consistent with gene excision in gonadotropes. Female control and ERKdko mice were paired with control males and monitored daily for copulatory plugs. Whereas 100% of control females exhibited plugs within the first 3 days of pairing, only 33% of ERKdko females exhibited plugs when paired with males for 30 days. All control females had litters at ;20 days following copulation, whereas no ERKdko animals had litters (Table 3) .
We used vaginal cytology to assess dynamics of the estrous cycle. Control animals had a cycle length of 5.3 6 0.26 days. ERKdko animals had a significantly longer interval (9.2 61.01 days) between estrus-like periods, as determined by cytology (Table 3 ). The ERKdko animals showed diestrus-and estrus-like cytology ( Fig. 1A ; Table 3 ); however, the duration of diestrus and estrus intervals was significantly prolonged, with a clear lack of normal periodicity seen in control females, consistent with previous observations (25) . To understand better the Table 4 ). Body weights, uterine wet weights, and ovarian weights at estrus were not significantly different between control and ERKdko animals at 6 months of age (Table 4) .
To assess the impact of ERK deletion on gonadotrope cell function in female mice, we used qPCR to determine the abundance of four genes known to define the gonadotrope cell lineage (Cga, Lhb, Fshb, and Gnrhr; Fig. 1C ). The mRNA expression of all four gonadotrope genes at estrus was decreased in ERKdko females at 6 months of age, compared with age-matched control females. This was consistent with reduced levels of LH and FSH following ovariectomy in circulation of ERKdko relative to control females ( Fig. 2A and 2B ; sham-operated controls). To determine the response of ERKdko and control females to endogenous hyperstimulation by GnRH, animals were sham operated as a control or ovariectomized and then euthanized after 5 days to analyze changes in serum gonadotropins. We found a substantial increase in serum LH and FSH following ovariectomy in control animals, which was blunted significantly in ovariectomized ERKdko females ( Fig. 2A and 2B ). These findings are generally consistent with previously published data on conditional ERK deletion from our group using the CGA-Cre driver (25) .
Female ERKdko animals show altered age-related changes in body weight and ovarian histology Female control and ERKdko animals were maintained until ;12 months of age to assess the impact of loss of ERK signaling on age-related changes within the reproductive axis. These animals received identical access to food and water and were not given the opportunity to reproduce. At the time of weaning through 6 months of age, there were no differences in body weight between genotypes. At ;12 months of age, body weight was ;25% higher in ERKdko compared with control females. Absolute ovarian and uterine weights were reduced in older ERKdko females compared with the control genotype, and this was amplified when correcting for differences in body weight (Table 4) .
Aged ERKdko females (;12 months) also showed signs of abnormal ovarian histology, perhaps reflecting premature gonadal degeneration. Consistent with the younger ERKdko females, ovarian histology revealed an absence of CL in the aged ERKdko females. Furthermore, aged females showed loss of normal ovarian architecture, with abnormal accumulations of extracellular matrix and regions of marked acellularity, particularly within the medullary region of the ovary. Ovarian histology in control animals appeared unremarkable, with multiple CL present and normal architecture throughout the ovary (Fig. 3A and 3B) . Comparison of uterine histology between genotypes in the aged females was unremarkable (data not shown), suggesting that changes in ovarian architecture were specific within the reproductive axis.
To understand the changes in pituitary gonadotrope function, we performed qPCR on pituitaries from ;12-month-old females. Transcript levels of the four gonadotrope genes were not significantly different between 6-and 12-month-old control animals. However, all of these transcript levels were significantly reduced in aged ERKdko females (Fig. 1D) .
ERKdko males exhibit moderate subfertility
Males of both genotypes were capable of producing copulatory plugs. There was no difference between control and ERKdko males in days to first plug following pairing or in the number of copulatory plugs detected before pregnancy (data not shown). However, ERKdko males sired smaller litters compared with control males (Fig. 4A) . There was no substantial difference in testis weights between control and ERKdko males at 6 months of age (Table 5 ). However, ERKdko males displayed a mild, but statistically significant reduction in epididymal sperm counts at 6 months of age (Table 3 ). This corresponded with a modest reduction in seminiferous tubule area (Fig. 4B) . Sperm morphology was grossly normal for both genotypes (data not shown). To assess the effect(s) of ERK deletion on gonadotropin subunit and Gnrhr mRNA levels, qPCR was performed on pituitaries from control and ERKdko males at 6 months of age (Fig. 4C) . Consistent with responses in young ERKdko females at estrus (Fig. 1C) , ERKdko males displayed reduced expression of Lhb and Fshb mRNAs compared with control males. Although numerically lower, Cga and Gnrhr mRNAs were not statistically different between genotypes.
To assess the impact of hyperstimulation with endogenous GnRH, male control and ERKdko animals were castrated or underwent a sham surgery. Animals were euthanized after 5 days, and serum concentrations of LH and FSH were measured. Again, consistent with control females, castration resulted in a marked increase in LH and FSH secretion compared with shamoperated controls (Fig. 5) . Strikingly, the postcastration rise in LH secretion was completely blocked in ERKdko males. FSH levels overall were lower in ERKdko males relative to controls, but here, as well, the increase postcastration was not statistically significant.
ERKdko males exhibit premature testicular abnormalities
Control and ERKdko males were assessed at 6, 12, and 18 months of age for body weight, testis weights, epididymal sperm counts, and seminal vesicle weights (Table 5) . By 12 and 18 months of age, ERKdko animals had substantially lower sperm counts and testis weights compared with control males. Seminal vesicle weights in ERKdko animals were reduced in the 18-monthold group compared with controls. Age-related abnormalities were also evident in histopathology (Fig. 6A and 6B) , which revealed evidence of testicular abnormalities in ERKdko animals at 18 months but not in age-matched control testes. The testes showed areas of marked testicular degeneration, calcification, aspermatic tubules, and spermatid giant cells (Fig. 6B) (Fig. 6B) . Transcript levels for the four signature gonadotrope genes were assessed in pituitaries of males of 6, 12, and 18 months. Neither control nor ERKdko animals showed substantial changes in transcript levels within genotypes between 6 and 12 months of age. However, there was a substantial decrease between control and ERKdko animals at 18 months in Cga, Lhb, and Gnrhr (Fig. 4D) . Interestingly, we found no substantial differences between genotypes or ages in circulating testosterone levels, indicating that despite low levels of LH, these were sufficient to maintain testosterone levels in ERKdko males (data not shown). Serum LH levels were not statistically different between genotypes at 18 months of age; however, ERKdko males did display numerically reduced serum LH (Fig. 6C) . Serum FSH levels were not substantially different between genotypes or ages at 6 or 12 months. However, aged ERKdko males (18 months) had a substantial reduction in serum FSH compared with control animals of the same age (Fig. 6C ).
Testicular degeneration of aging ERKdko males is likely a result of hypogonadotropism and not loss of germ-cell ERK signaling
The GRIC-Cre driver has been reported to display Cre expression within the germ-cell lineage in the testes (24) .
We confirmed these observations using assessment of reporter gene activity in Rosa26-bgal mice harboring a GRIC allele (in situ b-galactosidase staining; Fig. 7A ). To parse the relative roles of ERK deletion in gonadotropes and in germ cells, we characterized aged males from a Stra8-Cre line on the same ERK1 2/2 /ERK2 fl/fl background. Consistent with the GRIC-Cre driver, the Stra8-Cre driver is expressed in the spermatogonia, as well as in later stages of spermatogenesis (42) but in contrast, is not expressed within the pituitary gland. Stra8 ERKdko males showed a moderate decrease in sperm count, a marked decrease in litter size, but interestingly, no substantial change in testicular size, testes-to-body weight ratio, body weight, or seminal vesicle weight compared with control animals (Table 5 ; Fig. 7B ). Histological assessment of Stra8-Cre ERKdko testes revealed relatively minor degenerative changes at 18 months of age compared with control animals, consistent with the advanced age of the animals (Fig. 7D ). By comparison, testicular degeneration with age was markedly more severe in the GRIC-Cre ERKdko animals ( Fig. 6A and 6B ), suggesting that ERK signaling within gonadotropes was essential for maintaining testicular architecture during aging. 
Discussion
In the current studies, GRIC-mediated ERK excision in animals of both sexes resulted in a hypogonadotropic phenotype, with a reduced responsiveness to endogenous GnRH stimulation. Both sexes had reduced fertility at 6 months of age, with males being subfertile and females being infertile and anovulatory. We hypothesize that this difference between males and females is a result of the difference in LH and FSH requirements controlling the reproductive cycle. In males, LH and FSH subunit transcript levels and secretion in ERKdko animals appear to be sufficient to maintain fertility, albeit at a suboptimal level. Females, on the other hand, have a notably more complex requirement for gonadotropin production and secretion during the reproductive cycle, particularly with regard to LH biosynthesis, leading to the preovulatory LH surge and ovulation (25) . Albeit reduced, FSH levels in this model appear to be sufficient to stimulate folliculogenesis to large antral follicle stages. ERKdko mice fail to ovulate, as reflected by the complete absence of CL in their ovaries. This could result from at least two possible mechanisms, which are not mutually exclusive. First, mice may be incapable of producing LH surges of sufficient amplitude to trigger ovulation because of reduced LH biosynthesis. Second, reduced LH secretion may blunt ovarian estradiol production to levels insufficient to induce a positive-feedback effect at the hypothalamic and/or pituitary levels. Given the present data, we are unable to parse these alternatives absolutely. Although ERK signaling has been shown to be the primary pathway for LH biosynthesis, other GnRH-and activin-dependent signaling cascades have been shown to contribute to LH and FSH production, which is likely , and 18 months of age in the Stra8-ERKdko males reveals age-related changes in testicular histopathology, inconsistent with degenerative changes observed in the GRIC ERKdko males at 18 month of age (Fig. 6) . doi: 10.1210/en. https://academic.oup.com/endohow the ERKdko animals retain some gonadotropin production (43) (44) (45) . Our rationale for using the GRIC deleter strain in the present studies was our uncertainty regarding the specific effects of ERK deletion in gonadotropes vs thyrotropes using the CGA deleter strain in our previous studies (25) . However, the phenotypes of the two models were remarkably similar, with some exceptions. The models converge to demonstrate definitively that ERK signaling in gonadotropes is essential for fertility in female mice. Although FSH production was blunted in both Cre models, females displayed folliculogenesis to the large antral follicle stage, suggesting that infertility derives principally from LH deficiency. There were apparent differences in the extent of disruption of estrous cyclicity between the two models, as assessed by vaginal cytology. The GRIC ERKdko females appear to proceed through all phases of the estrous cycle, with markedly variable intervals of time in estrus-and diestrus-like stages. In contrast, ERK deletion in the CGA model resulted in vaginal cytology more consistently reminiscent of persistent anestrus. Importantly, we never observed CL in ovaries of GRIC ERKdko females. Therefore, it appears that both models were anovulatory. These data suggest that measures of vaginal cytology alone are not sufficient to establish true estrous cyclicity. An additional difference between the two models was the extent of the FSH impairment, which was more extreme using the GRIC driver. However, consistent with the CGA model, FSH levels remained sufficient for folliculogenesis. Whereas the reasons behind these differences are not completely clear, this may be a result of the timing of the onset of Cre recombinase activity and/or Cre penetrance. CGA-Cre activity is detectable at e9.5 and increases markedly by e12.5 (33) , whereas GRIC-Cre activity is first detectable at e12.75, with more marked activity as gestational age increases (25, 46) . Multiple markers of pituitary and gonadotrope differentiation and function, such as fibroblast growth factor 8, bone morphogenetic protein 4 and 2, and the LIM homeodomain transcription factors, Isl1, Lhx3, and Lhx4, are expressed during an earlier developmental window, so loss of ERK in those cells could potentially have broad impacts on pituitary lineage specification and differentiation (47) .
In the GRIC-Cre model, chronic hypogonadotropism occurs in parallel with a progressively degenerative gonadal phenotype in both sexes; however, the timing varied between females and males. Abnormal ovarian histology was initially detected at 12 months of age, with changes more obvious within the medullary region of the ovary. These types of degenerative changes could have developed at any time between the 6-and 12-month timeframe. By contrast, aged (18-month-old) ERKdko males displayed a more severe phenotype in the testes compared with younger time points measured, including marked loss of sperm production, reduced testicular and seminal vesicle weights, as well as areas of moderate to severe testicular degeneration. Reduced sperm production in the GRIC ERKdko model was entirely consistent with similar losses in sperm production with ERK deletion using the Stra8-Cre driver, suggesting that loss of ERK signaling in the germ line was detrimental to sperm production over time, independent of a hypogonadotropic phenotype. Interestingly, marked testicular histological degeneration was only observed in the GRIC ERKdko males, indicating that gonadotropin support from the pituitary is necessary to maintain normal testicular histology during aging. For reasons that are presently unclear, degeneration was localized to focal areas and not generalized throughout the testis. Interestingly, testis weights and sperm counts decreased between 6 and 12 months in males, but the decrease in seminal vesicle weights and the degenerative histological changes were only detected at 18 months of age. Seminal vesicle weight is typically correlated with testosterone, but we did not observe decreases in serum testosterone in the ERKdko mice. Two alternative possibilities may explain this finding: (1) our testosterone measures were a single point in time and may have missed differences attributable to the pulsatile nature of testosterone secretion, or (2) seminal vesicles have been shown to express LH receptors, and the seminal vesicle weight loss may have been a result of chronically low levels of LH in 18-month-old ERKdko males (48) .
The results reported here are important for several reasons. First, the use of the GRIC-Cre driver confirms the importance of GnRH-induced ERK signaling within the gonadotrope, particularly regarding LH synthesis and secretion in female mice. ERKdko female mice display altered estrous cycle behavior and are infertile, consistent with our previous studies (25) . Second, our data show, for the first time, that loss of ERK signaling in gonadotropes in female mice alters ovarian aging, with marked histological degeneration that is not apparent in age-matched control mice. Third, we discovered that the fertility phenotype of male ERKdko mice is progressive, with modest subfertility in young animals becoming more exaggerated with increasing age. This derived from at least two mechanisms: (1) the loss of local effects of ERK signaling within the germ line, as demonstrated using the Stra8-Cre driver, and (2) the effects of loss of ERK signaling within the gonadotrope, presumably via induction of a prolonged hypogonadal state. An indirect but critical finding of these studies is the identification of a role for ERK signaling in male germ cells. We speculate that the GRIC ERKdko mouse is a potentially interesting model to study the specific effects of chronic hypogonadotropism on the gonads during aging. This is not an area that has been well characterized at the level of cell signaling in model systems, such as the mouse, and may add substantially to our understanding of idiopathic hypogonadotropic-hypogonadal patients with genetic deficiencies in GnRH production and/or secretion (49, 50) .
